Background: In the past two decades, the introduction of robotic technology has facilitated minimally invasive cardiac surgery, allowing surgeons to operate endoscopically rather than through a median sternotomy. This approach has facilitated procedures for several structural heart conditions, including mitral valve repair, atrial septal defect closure and multivessel minimally invasive coronary artery bypass grafting.
Introduction
In recent decades, the benefits of minimizing surgical trauma, such as reduced pain, shorter hospital stays, faster return to normal activities, and improved cosmesis, have substantially increased interest in minimally invasive surgery. At the same time, improvements in surgical instrumentation, perfusion technology and visioning platforms have facilitated advances in minimally invasive approaches. As a result, minimally invasive procedures have become the standard of care at certain institutions worldwide. However, one disadvantage is that endoscopic instrumentation provides only four degrees of freedom, hence significantly reducing dexterity, which is essential for delicate cardiac procedures. Furthermore, the loss of depth perception from two-dimensional video monitors increases operative difficulty.
In order to overcome the limitations of long-shafted endoscopic instruments, extensive work was undertaken on the development of robotic telemanipulators. Telemanipulators provide three-dimensional (3D) vision and articulating instruments with seven degrees of freedom of motion, similar to the human hand.
Carpentier and Mohr independently performed the first successful robotic mitral valve cases in 1998 using prototypes of the da Vinci Surgical System (Intuitive Surgical Inc., Sunnyvale, California, USA) telemanipulator (1, 2) . Since then, telemanipulators have continued to evolve.
The first generation of the da Vinci Surgical System was FDA approved in 1999, and three new generations were subsequently released: the da Vinci S (FDA approved in 2005), Si (FDA approved in 2009) and most recently the Xi version (FDA approved in 2014). The latest systems provide high resolution 3D visualization, up to ten-times magnification of the operating field, movement scaling, and dual console systems for surgeon cooperation and training (3) .
Currently, over 1,700 robotic cardiac operations are performed in the USA per year with a nearly constant number of procedures in the last 8 years. The purpose of this article is to provide an overview of the experience in robotic cardiac surgery in Europe with a focus on mitral valve surgery and coronary revascularization.
Methods

Literature review
Electronic searches were performed on MEDLINE, EMBASE, Cochrane Central Register of Controlled Trials (CCTR), Cochrane Database of Systematic Reviews (CDSR), ACP Journal Club and Database of Abstracts of Review of Effectiveness (DARE) from their dates of inception to June 2016. The search strategy included a combination of 'robotic' or 'telemanipulator' or 'computerassisted' as well as 'mitral' and 'coronary' as keywords. Studies that reported clinical outcomes or learning curve analysis of robotic surgery including mitral valve repair and replacement and coronary surgery were selected for qualitative analysis. When institutions published duplicate trials, only the most updated reports were included for qualitative appraisal. All publications were limited to human subjects, the English language and European centers and authors.
Industry data
Intuitive Surgical Inc. provided the authors with numerical data on robot-assisted procedures performed in Europe since 1998. The data set were anonymous with regards to patient identity and the surgeon/center performing the operation.
Results
Mitral valve surgery
Search methods identified six relevant papers in the mitral surgery group. One study was excluded as it reviewed nonEuropean results, and another because results were included in later studies with cumulative patients. This resulted in four studies for quantitative appraisal.
Carpentier performed the first robotic mitral valve repair (MVr) using an early prototype of the da Vinci surgical system in May 1998 (4); four patients were treated with a ring annuloplasty and in one case, an ASD closure was also performed. All patients survived, with a median hospitalization time of 10 days.
Using the da Vinci system, 23 patients with nonischemic valve insufficiency were successfully repaired (5, 6) by the group from Leipzig. The mean age of the patients was 58±9 years, and they were treated for anterior and posterior leaflet prolapse. The CPB time was 166±30 min, and clamping time was 93±17 min. Two patients were reoperated early; one patient underwent an intraoperative mitral valve replacement after failed repair and a second patient had a mitral valve replacement at day 3 due to annular rupture.
Folliguet (7) .003). The length of stay was less for the minimally invasive group (7 vs. 9 days). At postoperative echocardiography, two patients in both groups had developed 2+ mitral regurgitations. All other patients had a competent mitral valve repair with no insufficiency. All patients were in NYHA Class I and remained so at 12 and 24 months' follow-up.
Of the 102 robotic cardiac procedure at St. Mary's Hospital in London, only one patient was treated with mitral valve repair (8) . The mean length of stay for the 102 patients was 3.1 days and no mortality was recorded.
Recently Musumeci (9) presented a periareolar technique used in five patients: no hospital mortality was registered and no postoperative complications were observed. All patients were discharged before postoperative day 5.
Following the early trials of the da Vinci system, the number of robot-assisted mitral valve repairs decreased, with a nearly complete abandon of this approach 
Coronary surgery
Following a literature search, 64 papers met the inclusion criteria. After exclusion of manuscripts with overlapping patients populations, and studies with less than three patients, 14 papers were selected.
Loulmet (10) performed the first-in-man robotic total endoscopic coronary bypass (TECAB) in Paris using the first-generation da Vinci robotic system on four men in 1998. The Heartport system (Heartport, Redwood City, CA, USA) was used to arrest the heart during anastomosis, and the entire operation was completed endoscopically with robotic-assisted instruments. Early postoperative coronary angiography demonstrated the patency of the grafts in all cases. All patients were symptom-free at 6-month follow-up.
One of the first multi-vessel robotic-assisted bypass series using the da Vinci Surgical System was reported by Cichon (11) in Dresden, Germany in 2000. This team treated 17 (four women, 13 men; median age 63±7.4 years) patients with multi-vessel coronary artery disease using bilateral internal thoracic artery (BITA). A 100% survival rate was documented, and operative time was 255±40.4 minutes. BITA harvesting took 88.5±15.9 min and cross clamp time was 36±8.7 min. An average of 2.06 anastomoses were performed per patient. One patient (5.8%) required reexploration for bleeding.
Over subsequent years, several European centers began to adopt the robotic approach. In 2001, Mohr (12) from Leipzig, Germany, published a large series of 131 patients who underwent various robotic-assisted CABG; the system was used in three ways; (I) to take down the left internal thoracic artery (ITA) followed by a minimally invasive direct coronary artery bypass (MIDCAB-off-pump handsewn anastomosis of the LITA to the LAD via a minithoracotomy) (n=81); (II) anastomosis between the ITA and the LAD utilizing sternotomy and CPB (n=15); or (III) for TECAB grafting where the LITA was robotically anastomosed to the LAD on the arrested (n=27) or beating heart (n=8). The ITA was successfully harvested in 97.5% of the patients in the group undergoing CABG. After the initial period of learning, it was performed in less than 40 min. The postoperative patency rate was 96.3%. TECAB was completed in 22 of 27 cases, with 95.4% patency demonstrated by angiography at 3-month follow-up.
In 2001, Kappert (13) reported use of the Da Vinci system in 201 patients (156 men and 45 women, median age 64±10.5 years, left ventricular ejection fraction 68±12.4%). In this study, patients were divided into three groups. Group A (n=156) consisted of patients for which the robotic system was used to harvest the left or right internal Ann Cardiothorac Surg 2017;6(1):1-8 www.annalscts.com mammary artery, or both. The anastomoses were performed directly through a small chest incision. In group B (n=37), harvest of the internal mammary arteries and the coronary anastomoses were performed totally endoscopically. In group C, patients (n=8) were treated with robotic-enhanced CABG via a median sternotomy already preoperatively planned. The survival rate was 99.4%. One patient (0.6%) died due to pneumonia on postoperative day 16. The conversion rate to median sternotomy was 5%. The left and right internal mammary artery conduits were successfully harvested in 98% and 100%, respectively. Increasing experience significantly reduced the time of dissection of the left internal mammary artery alone. Nine patients (4.5%) were reported to have bleeding requiring re-exploration. All patients were discharged from the hospital after a mean of 7 days.
Four years following the publication of Kappert's findings, Bonatti (14) reported a series of 107 cases of robotic endoscopic CABG in patients with single-and multi-vessel CAD. Robotically assisted LITA harvesting was performed in all patients with completion of the procedure as conventional CABG, MIDCAB, or OPCAB (n=22), robotically assisted suturing of LITA to LAD during conventional CABG (n=28), TECAB on the arrested heart using remote-access perfusion (n=48), TECAB on the beating heart using an endo stabilizer (n=8), and a takedown of adhesions (TECAB intended) (n=1). There was no hospital mortality. Undesirable surgical events (USE) such as conversion to sternotomy or postoperative revision of the anastomosis occurred in 34 of 107 (32%) patients. The median ventilation time and ICU stay were 11 [0-278] and 21 hours, respectively. Cumulative 3-year survival was 100% and freedom from angina at 3 years was 97%.
Following on from the aforementioned study, the results from a multicenter European study were published in 2007 (15) . Between September 1998 and November 2002, 228 patients with CAD underwent TECAB using da Vinci Surgical System (Intuitive Surgical) at five European institutions. Patients underwent TECAB with either an onpump (group A, n=117) or an off-pump approach (group B, n=111) and were followed for 6 months. Procedural feasibility was demonstrated via 164 successful endoscopic cases; 64 patients (group C, 28%) had conversion to nonrobotic procedures. The overall procedural efficacy, as defined by angiographic patency or lack of ischemic signs on stress electrocardiography, was 97%. The incidence of major adverse cardiac events within 6 months was 5%.
The Bonatti group in Innsbruck reported the largest European series to date in 2011 (16) . This group performed robotic TECAB in 326 patients (age, 60 years; range, 31 to 90 years); 242 with single-vessel and 84 with multi-vessel TECAB. Forty-six of 326 patients (14%) were converted to a larger incision (minithoracotomy, n=5; sternotomy, n=41). Adverse outcomes such as hospital mortality was found to be 0.6%, postoperative stroke rate was 2%, renal failure 0.6%, and perioperative myocardial infarction was 2.5%. Long-term freedom from MACCE was 84%, 84%, and 81% at 1 year, 3, and 5 years, respectively. A summary of the results of robot-assisted coronary surgery in Europe is presented in Table 1 .
Since the Da Vinci system became available, the annual number of robot-assisted CABG in Europe has been stable; between 2000 and 2010, 1,262 procedures were performed ( Figure 2 ). After 2011, there was a decline in number of procedures performed; however, this was followed by a subsequent increase in annual procedures over the last 3 years (Figure 2 ).
Discussion
The evolution of robotic cardiac surgery (both in mitral and coronary surgery) stemmed from a small number of European centers. After an initial spread, the use of the Da Vinci in mitral valve surgery was virtually abandoned for more than a decade. However, the number of robot-assisted coronary procedures remained stable since its introduction. A possible explanation for this period of quiescence in robotic mitral surgery is the contemporary development of the Port-access system in the late 1990s (17) . This technology came into widespread use in many European centers (18) (19) (20) . After an initial phase of learning and development, surgeons from multiple centers demonstrated that this technique could be performed with low perioperative complication rates and acceptable durability (21, 22) . The Port-access technique was introduced over Europe with ease, perhaps due to the low initial costs compared with the da Vinci system. A significant barrier to the introduction of the da Vinci system has been the purchase price, which may exceed $1.5 million, as well as an annual service contract that ranges between $100,000 to $140,000 (23) .
When considering the initial capital investment for the robotic surgical system through amortization of institutional costs, the cost was significantly higher for robotic operations. However, while the absolute cost for robotic surgery was higher than conventional techniques, Ann Cardiothorac Surg 2017;6(1):1-8 www.annalscts.com the major driver of cost (OR time) decreased over time, resulting in a significant reduction in the associated cost of this technology. This was highlighted by Morgen (24), who demonstrated that robotic technology did not significantly increase operational total hospital costs. The lack of tactile feedback during suturing was initially considered to be an important limiting factor in robotic surgery. However, the enhanced 3D visual feedback from the Da Vinci system can achieve similar outcomes through the observation of tissue displacement and deformation (25) . Moreover, the system greatly improves operative visualization via 3D high definition imaging. Visualization of the mitral valve and subvalvular system in particular is unparalleled when using the da Vinci system versus endoscopic minimally invasive approaches. The da Vinci System also provides increased operative dexterity for surgeons. Articulating instruments move with seven degrees of freedom, as compared with the four degrees of freedom provided by endoscopic instruments. The robotic instruments permit tremor-free movements, ambidexterity, and avoidance of the fulcrum effect that is inherent when using long-shafted endoscopic instruments.
The penetration of robotic technology in North America was initially limited to a small number of highly specialized, high-volume centers that developed a standardized technique. More recently, a large number of experienced groups have collectively reported on several thousand patients who have undergone robot-assisted MV repair with low hospital mortality rates as well as low rates of complications including stroke, re-exploration for bleeding and chest wall infections (26, 27) . Currently, 1,700 robotassisted mitral valve procedures are performed each year (Figure 3) . Among 8,814 MV repair procedures reported to the Society of Thoracic Surgeon Database in 2013, 1,132 were performed using robotic assistance, demonstrating a large uptake of the Da Vinci system in the United States.
Robot assisted coronary surgery on the other hand, was pioneered and standardized by several centers in Europe, with surgical activity relatively constant over the past 15 years (Figure 2 ). At present, approximately 100 procedures per year are performed in Europe, including robot-enhanced MIDCAB or TECAB for single or multiple vessel revascularization. The current literature shows mortality ranging between 0-1%, as well as low rates of post-operative complications, such as revision for bleeding, conversion to a larger incision, and stroke. Another measure of success, vessel patency, has also been maintained in over 90% of cases (28, 29) . Furthermore, a decline in conversion rates over the years has been demonstrated (16) . As a result, the Da Vinci technology has been adopted by several centres in the United States, with a progressive increase in case numbers (in 2011, over a thousand operations were performed) (Figure 4) . Despite surgeon-, team-and institution-specific learning curves, robot-assisted coronary surgery has continued to demonstrate favourable outcomes.
Looking forward, the third generation of robotic devices is currently available, and allows complex multi-vessel procedures to be performed routinely on both the arrested and beating heart.
According to current data, robot-enhanced MV repair and TECAB appears safe and effective with the advantage of less invasive surgery. Learning curves are unavoidable with the development of new technologies, however, and must be considered as new programs are initiated. Whilst robotic cardiac surgery has evolved and its use has spread since its initial introduction, these procedures remain in their primitive stages. It is likely that, for the foreseeable future, robotic cardiac surgery will remain in the hands of committed teams at specialized centers (28) . 
